Cells of a newly isolated environmental strain of Candida humicola accumulated 10-fold more polyphosphate (polyP), during active growth, when grown in complete glucose-mineral salts medium at pH 5.5 than when grown at pH 7.5. Neither phosphate starvation, nutrient limitation, nor anaerobiosis was required to induce polyP formation. An increase in intracellular polyP was accompanied by a 4.5-fold increase in phosphate uptake from the medium and sixfold-higher levels of cellular polyphosphate kinase activity. This novel accumulation of polyP by C. humicola G-1 in response to acid pH provides further evidence as to the importance of polyP in the physiological adaptation of microbial cells during growth and development and in their response to environmental stresses.
Inorganic polyphosphate (polyP) is a linear polymer of phosphate residues linked together by high-energy phosphoanhydride bonds (34) . PolyP, ranging in length from 3 to greater than 1,000 orthophosphate residues, has been detected in almost all organisms studied, including bacteria, yeasts, fungi, plants, and animals (12, 35, 36) . Under optimal conditions polyP may amount to 10 to 20% of the cellular dry weight and thus greatly exceed the phosphate requirement of the cell, suggesting metabolic roles other than simply as a phosphate reserve (42) . Microbial polyP synthesis is primarily carried out by the enzyme polyphosphate kinase (PPK) (32) , which catalyzes the reversible transfer of the gamma phosphate from ATP to polyP (1, 21, 29, 53) . PolyP hydrolysis is mediated by exopolyphosphatases (PPX) (2, 60) , endopolyphosphatases (38) , and specific kinases (59) .
The exact physiological function of polyP remains uncertain, although various biological functions have been demonstrated, including as a reservoir of energy and phosphate (32) , a chelator of divalent cations (30) , a capsule material (54) , and a "channelling" agent in the phenomenon of bacterial transformation (32, 48) . Moreover, extensive accumulation of polyP has been detected in Escherichia coli in response to osmotic stress or nutritional stress imposed by either nitrogen, amino acid, or phosphate limitation (3, 46) . Similarly, Pseudomonas aeruginosa mucoid strain 8830 accumulates intracellular polyP particularly during stationary phase and in response to phosphate and amino acid limitations (3, 31) , while both the unicellular alga Dunaliella salina and Saccharomyces cerevisiae utilize their intracellular polyP reserves to provide a pH-stat mechanism to counterbalance alkaline stress (4, 11, 42, 43) . PolyP accumulation has also been observed upon exposure of the freshwater sponge Ephydatia muelleri to various organic pollutants (27) . Of greatest economical significance is the accumulation of polyP by some Acinetobacter spp. and other undefined organisms when they are exposed to alternating anaerobic/aerobic cycles; this phenomenon is the basis of the biotechnologically important wastewater treatment process designated Enhanced Biological Phosphate Removal (reviewed by VanLoosdrecht et al. [56] and Mino et al. [41] ). PolyP may therefore play an important role in the physiological adaptation of microbial cells during growth and development and in their response to nutritional and environmental stresses (3, 32, 39, 45, 46, 61) .
In this paper we describe the intracellular accumulation of polyP by the yeast Candida humicola G-1 through increased PPK activity when it is grown under acid conditions; no significant polyP accumulation occurs in cells grown at pH 7.5.
MATERIALS AND METHODS
Enrichment and growth conditions. C. humicola G-1 was isolated by enrichment culture during a program of study to examine the potential for polyP accumulation by microorganisms when they are subjected to a range of environmental stresses. Enrichment under acid conditions was carried out at pH 5.5 using a basal mineral salts medium which contained the following (per liter): KCl, 0.2 g; MgSO 4 ⅐ 7H 2 O, 0.2 g; CaCl 2 ⅐ 2H 2 O, 1.0 mg; (NH 4 ) 2 SO 4 , 0.4 g; ferric ammonium citrate, 1.0 mg; BME essential amino acids solution (Sigma), 20 ml; KH 2 PO 4 , 35 mg; phosphate-free yeast extract (58) , 0.05 g; and 1 ml each of trace element solution (33) and vitamin solution (40) . Filter-sterilized (pore size, 0.22 m) glucose (0.65 g/liter) was added as a carbon source. The pH of the medium was adjusted to 5.5 by the addition of 50 mM phthalate-NaOH buffer; 50 mM Tris-HCl buffer was used for media at pH 7.5.
Enrichment cultures were inoculated with a 0.5% (vol/vol) inoculum from an activated sludge plant (Dunmurry, United Kingdom). Cultures were incubated at 30°C on an orbital shaker at 100 rpm. Growth was measured by determining the increase in optical density at 650 nm (OD 650 ) with PU 8200 UV/Vis spectrophotometer (Pye-Unicam Ltd., Cambridge, United Kingdom), while phosphate removal from the culture supernatant was monitored by the method of Fiske and SubbaRow (19) . Glucose metabolism was assayed with the Trinder Glucose Determination Kit (Sigma). The presence of intracellular polyP inclusions was determined by light microscopy after the cells were stained by the method of Neisser (25) .
Growth, phosphate removal from culture supernatant, and intracellular polyP were scored by comparison with control cultures grown in complete medium at pH 7.5. After three serial transfers, a yeast isolate, designated G-1, capable of growth and intracellular polyP accumulation in response to acid stress, was purified on complete mineral salts medium (pH 5.5) solidified by the addition of 1.2% Purified Agar (Oxoid). It was identified at the Regional Mycology Laboratory (Leeds, United Kingdom) as a strain of C. humicola, a yeast commonly isolated from soil (57) . In all experiments C. humicola G-1 was routinely precultured on basal mineral salts medium supplemented with glucose (0.65 g/liter) at pH 7.5. Under such conditions no intracellular polyP accumulation occurred; this ensured a uniform, polyP-free inoculum.
Extraction of polyP. Total intracellular polyP was assayed by a modification of the methods of Streichan and Schön (52), Rao et al. (47) , and Poindexter and Eley (44) . Cells of C. humicola G-1, grown at either pH 5.5 or 7.5 as previously described, were harvested by centrifugation at 10,000 ϫ g for 15 min at 4°C and washed twice in 1.5 M NaCl containing 0.01 M EDTA and 1 mM NaF. The cell pellet was resuspended in 1.5 ml of wash buffer and sonicated, on ice, for 10 30-s periods with 2-min intervals at 16 kHz. The resulting homogenate was centrifuged at 25,000 ϫ g for 60 s at 4°C to remove cell debris. To determine total intracellular polyP, 100 l of concentrated HCl was added to 0.5 ml of cell extract and heated at 100°C for 45 min; the phosphate liberated was assayed by the method of Fiske and SubbaRow (19) . The polyP concentrations were expressed in milligrams of phosphate per milligram of cellular protein and are given as means of triplicates. An unhydrolyzed sample was used as a control to determine the background level of P i . Protein concentration was determined by the method of Bradford (9) using bovine serum albumin as the standard.
Cell lysis and enzyme assays. C. humicola G-1 was harvested and sonicated as described earlier. Sonicated cell homogenate was centrifuged at 25,000 ϫ g and 4°C for 30 min, and the resultant supernatant or crude extract was stored at 4°C for not more than 24 h. PPK activity was measured by the ATP-regenerating method of Robinson and Wood, which spectrophotometrically assays polyP synthesis (50) . This method was chosen in preference to assaying the reverse reaction (production of ATP from polyP using [
32 P]polyP) since the validity of the latter approach has been questioned due to interference caused by the enzyme diadenosine-5Ј,5ЈЉ-P 1 -P 4 -tetraphosphate ␣,␤-phosphorylase in the assay procedure (7) . Employment of ATP regeneration is necessary due to the inhibitory nature of ADP (55) . PPK assays were carried out by using sulfate-free enzymes and without the addition of the basic protein polylysine; no increase in enzyme activity was observed upon addition of polylysine (0.5 mg/ml). Background levels of both ATP hydrolysis and phosphoenolpyruvate hydrolysis by cell extracts were determined, and PPK activities were corrected accordingly. PPX was assayed by the method of Bonting et al. (6) .
Analysis of polyP by gel electrophoresis. PolyP samples were prepared for gel electrophoresis by the method of Robinson et al. (49) . Polyacrylamide gel electrophoresis was performed with Tris-borate buffer (pH 8.3) using precast 15% Tris-borate-EDTA-urea gels on a Novex X cell 11 Mini-cell system (Novex, San Diego, Calif.) for 75 min at 10 mA. Gels were stained with toluidine blue (0.05%) in 25% methanol. The estimated size range of the polyP was determined by comparison to polyP standards (chain lengths, 25, 45, and 75 P molecules; Sigma).
RESULTS

Accumulation of polyP.
The growth and intracellular accumulation of polyP by C. humicola G-1 grown on basal mineral salts medium containing 0.65 g of glucose per liter at pH 5.5 and 7.5 are shown in Fig. 1A and 2A, respectively. During growth at pH 7.5 the maximum polyP concentration was 0.01 mg of P i /mg of total cellular protein ( Fig. 2A) . In contrast, C. humicola G-1 grown at pH 5.5 produced a marked accumulation of intracellular polyP (Fig. 1A) , reaching a stationaryphase maximum of 0.105 mg of P i /mg of total cellular protein, representing some 5.7% of the cellular dry weight. Neisser staining confirmed the presence of intracellular polyP granules in cells grown at pH 5.5 (Fig. 1B) ; no polyP granules were observed in pH 7.5-grown cells (Fig. 2B) . The presence of polyP granules was also confirmed by using the 31 Gel electrophoretic analysis of polyP. Analysis of the polyP that accumulated during growth of C. humicola G-1 at pH 5.5 by gel electrophoresis gives an indication of the mechanism of polyP biosynthesis. PolyP extracted from cells at a culture OD 650 of 0.2 consisted solely of low-molecular-weight polyP equivalent to an approximate chain length of 45 residues (results not shown). In contrast, cells harvested at a culture OD 650 of 0.8 contained high-molecular-weight polyP containing up to 150 residues in addition to the shorter-chain polyP. This is in accord with the results reported by Schuddemat et al. (51) for polyP synthesis in the yeasts S. cerevisiae and Kluyceromyces marxianus, during which polyP was formed progressively as chains of increasing length.
Phosphate uptake by C. humicola G-1. Associated with intracellular polyP production by C. humicola G-1 under acid conditions was the enhanced uptake of exogenous inorganic phosphate from the medium during growth compared to uptake at pH 7.5. C. humicola G-1, grown at pH 5.5 in a medium containing glucose (0.65 g/liter) as carbon source, removed 22 mg of inorganic phosphate per liter (Fig. 3A) , compared with the 5 mg/liter removed at pH 7.5 (Fig. 3B) . Complete glucose mineralization was observed in each case (Fig. 3) . No growth or phosphate uptake occurred in control cultures lacking glucose. Phosphate removal, as determined by the concentration of phosphate remaining in the growth medium upon completion of growth at different pH values, was optimal at pH 5.0 to 5.5 (Fig. 4) . At pH values on either side of the optimum the amount of inorganic phosphate taken up by the cells decreased, although at each pH tested both the final cell yields and the total culture protein concentrations (determined by the method of Binks et al. [5] ) were identical.
PPK and polyphosphatase activities. The activities of the enzymes PPK and polyphosphatase were compared during growth of C. humicola G-1 at pH 5.5 and 7.5 (Table 1) . At pH 7.5 both enzymes displayed similar levels of activity. Growth of the organism at pH 5.5 however resulted in a sixfold increase in PPK activity while polyphosphatase activity remained unaltered (Table 1) .
DISCUSSION
Accumulation of polyP has been demonstrated for a wide variety of microorganisms, although the conditions favoring this accumulation differ markedly (12, 37, 59) . In general, polyP concentrations are low during exponential growth but may increase either when the stationary phase begins or when growth is arrested due to nutrient imbalance (20) . Addition of phosphate to cells previously subjected to phosphate starvation also induces rapid accumulation of polyP: this phenomenon is known as "polyphosphate overplus" (reviewed by Dawes and Senior [12] ). Intracellular polyP reserves have often been assumed to mainly provide a reservoir of energy convertible to ATP (32) . However, recent studies have demonstrated that even at highly elevated concentrations of polyP, the ATP supply could be sustained for only a matter of seconds, suggesting other metabolic roles (46) , such as a role in the survival of microbial cells during stationary phase and a role in the adaptation of cells to environmental stresses (3, 32, 39, 45, 46, 61) .
In this paper we describe the intracellular accumulation of polyP by the yeast C. humicola G-1 during growth at acid pH. Neither nutrient limitation, phosphate starvation, nor prior exposure to anaerobiosis is required to induce polyP synthesis. The intracellular polyP concentration increased rapidly during active growth (Fig. 1A) ; by contrast, polyP accumulation by S. cerevisiae at acid pH was found to be minimal during the maximal growth phase, increasing only during stationary phase (28) . PolyP levels were 10-fold greater in cells grown at pH 5.5 than in cells grown at pH 7.5 ( Fig. 1A and 2A ). The differences are presumably mediated by regulation of either the expression or the activity of the enzymes involved in polyP metabolism (7) . Both PPX and PPK have previously been detected in yeasts, although the latter has yet to be purified (36) . In cells grown at pH 7.5 the activities of PPX and PPK were approximately equal (Table 1) , possibly reflecting the lack of significant polyP accumulation at this pH (Fig. 2) . At pH 5.5 PPK activity increased sixfold, while PPX activity remained unaltered (Table 1) . This elevation in PPK activity may account for the increased intracellular accumulation of polyP at pH 5.5 (Fig. 1) .
The exact physiological role of polyP during growth of C. humicola G-1 at pH 5.5 is at present unknown. Interestingly, no attenuation of growth yield occurred at pH 5.5 in media containing lower phosphate concentrations (5 to 15 mg/liter) (results not shown), suggesting that polyP may not be necessary for survival of cells in the acid environment, although a role in the sequestering of H ϩ ions cannot be ruled out (26) . Such a function could be envisaged given the polyanionic nature of polyP and its known ability to act as an intracellular cation trap (18, 35) , which facilitates both intracellular buffering and pH homeostasis. A pH-homeostatic function for polyP has been demonstrated in the unicellular alga D. salina and in S. cerevisiae (grown under conditions necessary to accumulate polyP), in which intracellular polyP levels rapidly decrease in response to the alkalization of the external environment. Hydrolysis of intracellular polyP restores the cytosolic pH by yielding H ϩ ions (4, 11, 42, 43) . The lack of polyP accumulation by C. humicola G-1 at pH 7.5 is not due to an analogous mechanism; no polyP hydrolysis occurs upon resuspension in pH 7.5 medium of cells containing high levels of polyP (data not shown). C. humicola G-1 exhibits a reduced growth rate at pH 7.5 compared to that at pH 5.5 (Fig. 3B) . The decrease might suggest the existence of suboptimal growth conditions for C. humicola G-1. It could be envisaged that under such conditions polyP formation is inhibited. It is, however, well documented that yeast cytosolic pH is maintained near neutrality, even if the external pH is modulated between pH 3 and 7.5 (13, 14, 24) . The formation of polyP during growth at pH 5.5 might alternatively provide a mechanism to regulate intracellular phosphate levels (26) . An acid pH optimum for phosphate transport has been observed in both S. cerevisiae and Rhodotorula rubra (8, 10) , while in the present study C. humicola G-1 accumulated phosphate optimally at pH 5.5 (Fig. 4) . Growth at an external pH close to the phosphate transport optimum pH may thus result in increased phosphate uptake and elevation of intracellular phosphate concentrations. Such internal phosphate level increases may be countered through the formation of polyP (26) .
Regulation of polyP accumulation by C. humicola G-1 grown under acid conditions differs from previous studies involving E. coli and its response to amino acid starvation. Under such nutritional stress E. coli polyP levels may increase 1,000-fold while the cell-free activities of both PPK and PPX remain unaltered (39) ; polyP accumulation is achieved by selective inhibition of PPX in vivo by either guanosine tetraphosphate or guanosine pentaphosphate generated in response to amino acid starvation (3, 39, 46) . This is in contrast to polyP accumulation by C. humicola G-1, which appears to involve the stimulation of PPK activity (Table 1 ). Such a model for polyP accumulation has been proposed for E. coli in its response to other stress conditions, such as osmotic stress (3) . Under these conditions the regulation of polyP accumulation is under the control of additional stress-induced proteins, such as the sigma factor RpoS. RpoS may act, in concert with other regulatory signals, to either inhibit PPX or stimulate PPK (3). An analogous regulatory system could be envisaged within C. humicola G-1 whereby induction of stress proteins in response to either an acid environment or high internal phosphate levels leads to increased PPK activity and hence polyP accumulation. Interestingly, no such response to acid stress occurs in E. coli and no polyP was accumulated under acidic conditions even though RpoS was shown to be present (3) .
The intracellular accumulation of polyP observed by us during the exponential growth phase of C. humicola G-1 in response to acid pH is not wholly without precedent. Duguid et al. (15) (16) (17) demonstrated that exponentially growing Klebsiella aerogenes produced large quantities of intracellular polyP when it was grown under acid conditions (pH 4.0 to 5.0) but none at neutral pH values. More recently, the tree physiologists Gerlitz et al. (22, 23) have shown that polyP accumulation by the ectomycorrhizal fungus Suillus bovinus, growing in association with the roots of Scotch pine, is maximal at pH 5.5 and some 35% greater than that at pH 7.5. These results are consistent with our findings and may suggest a more widespread acid response mechanism involving polyP accumulation.
Our observations provide further evidence as to the importance of polyP in microbial physiology. Additional investigations are required to identify the exact role played by the increased rate of phosphate uptake and the accumulated intracellular polyP in the response of C. humicola G-1 to external pH. a Enzyme activities are means of triplicate assays from four separate cell extract preparations; for each preparation cells were harvested at a culture OD 650 of 0.600 to 0.700.
b PPK activities are expressed as units per milligram of total protein in the cell extract; 1 U of activity is defined as the amount of enzyme needed to generate 1 mol of ATP from polyP and ADP in 1 min at 20°C.
c Polyphosphatase activities are expressed as units per milligram of total protein in the cell extract; 1 U of activity is defined as the amount of enzyme that liberated 1 mol of phosphate from polyP in 1 min at 20°C.
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